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ABSTRACT
Filamentary structures are ubiquitous in the interstellar medium, yet their forma-
tion, internal structure, and longevity have not been studied in detail. We report the
results from a comprehensive numerical study that investigates the characteristics,
formation, and evolution of filaments arising from magnetohydrodynamic interactions
between supersonic winds and dense clouds. Here we improve on previous simulations
by utilising sharper density contrasts and higher numerical resolutions. By follow-
ing multiple density tracers, we find that material in the envelopes of the clouds is
removed and deposited downstream to form filamentary tails, while the cores of the
clouds serve as footpoints and late-stage outer layers of these tails. Aspect ratios Á 12,
subsonic velocity dispersions ∼ 0.1− 0.3 of the wind sound speed, and magnetic field
amplifications ∼ 100 are found to be characteristic of these filaments. We also re-
port the effects of different magnetic field strengths and orientations. The magnetic
field strength regulates vorticity production: sinuous filamentary towers arise in non-
magnetic environments, while strong magnetic fields inhibit small-scale perturbations
at boundary layers making tails less turbulent. Magnetic field components aligned
with the direction of the flow favour the formation of pressure-confined flux ropes in-
side the tails, whilst transverse components tend to form current sheets. Softening the
equation of state to nearly isothermal leads to suppression of dynamical instabilities
and further collimation of the tail. Towards the final stages of the evolution, we find
that small cloudlets and distorted filaments survive the break-up of the clouds and
become entrained in the winds, reaching velocities ∼ 0.1 of the wind speed.
Key words: MHD - ISM: magnetic fields - ISM: clouds - methods: numerical - stars:
winds, outflows - galaxies: starburst
1 INTRODUCTION
Magnetic structures with elongated, tail-shaped morpholo-
gies are ubiquitous in the Universe. They can be the re-
sult of a variety of dynamic processes occurring in both
the interstellar medium (ISM) and the intergalactic medium
(IGM)1. Shock waves, gravitational forces, turbulence, and
magnetically-driven events can together or separately be in-
volved in the formation of filamentary structures (see Bier-
mann, Brosowski, & Schmidt 1967; Schneider & Elmegreen
1979; Alfve´n 1981, 1986; Rosner & Bodo 1996; Wada,
? E-mail: wlady.bsc@gmail.com
1 Outside the Milky Way boundaries, it is also possible to observe
(magneto)tails emerging when small galaxies move through the
IGM in gravitationally-bound galactic aggregations (see Recchi &
Hensler 2007 for wind-clump simulations of dwarf galaxies, and
Dursi & Pfrommer 2008 and Pfrommer & Dursi 2010 for some
recent numerical studies on cluster magnetic fields).
Spaans, & Kim 2000; Bicknell & Li 2001a; Rodr´ıguez-
Gonza´lez et al. 2008; Ntormousi et al. 2011; Wright et al.
2012; Sahai, Morris, & Claussen 2012; Li et al. 2013; Enokiya
et al. 2014; Torii et al. 2014, and references therein for dis-
cussions on cosmic filaments formed in different environ-
ments). In this and subsequent papers in this series, how-
ever, we focus our analysis exclusively on those filaments
that arise from wind-clump interactions. Structures of this
kind are found at all scales in the ISM and range from the rel-
atively small cometary tails found in the Solar System (e.g.,
Brandt & Snow 2000; Buffington et al. 2008), through the
complex optical, X -ray, and infrared filamentary shells ob-
served in supernova remnants (e.g., Hester et al. 1996; Shinn
et al. 2009; Patnaude & Fesen 2009; Dopita et al. 2010; Vogt
& Dopita 2011; McEntaffer et al. 2013), to the large-scale
Hα- and H I-emitting filaments detected in some galaxies
(e.g., Shopbell & Bland-Hawthorn 1998; Lehnert, Heckman,
& Weaver 1999; Cecil, Bland-Hawthorn, & Veilleux 2002;
Crawford et al. 2005). Despite having different sizes and
c© 2015 RAS
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being observed at various wavelengths, all of these struc-
tures are believed to share a common origin, namely the
interaction of fast-moving, low-density winds with ISM in-
homogeneities (i.e., clumps). The radio threads observed in
the Galactic Centre of the Milky Way (Yusef-Zadeh, Morris,
& Chance 1984; Morris & Yusef-Zadeh 1985; LaRosa et al.
2000; Yusef-Zadeh, Hewitt, & Cotton 2004) may also be ex-
emplars of such filaments. Both thermal and non-thermal
emissions can be expected from these interactions as both
are connected with the emergence of shock waves and insta-
bilities in cosmic plasmas (see Draine & McKee 1993; Jones,
Kang, & Tregillis 1994; Mac Low et al. 1994; Helder et al.
2012 for discussions on emission processes involving winds
and clumps).
Winds are known to play a major role in shaping the
ISM, altering its dynamics, and changing its physical and
chemical properties (see Sutherland & Dopita 1995a,b for
studies on supernova remnants, or Strickland & Stevens
2000; Kewley et al. 2001 for models of starburst galaxies).
Winds expand and interact with clumps leaving behind im-
prints of their passage in the form of shocked gas (e.g., Wat-
son et al. 1985; Koo et al. 2001), excited atomic or molecu-
lar species (e.g., Wardle & Yusef-Zadeh 2002; Neufeld et al.
2007), and topologically-altered magnetic fields (e.g., Bick-
nell & Li 2001b; Schure et al. 2009; Reynolds et al. 2012).
Typical wind sources in the ISM include isolated stars,
star clusters, star-forming regions, and explosive events as-
sociated with dying stars (e.g., supernovae, afterglows of
gamma-ray bursts, among others). As the wind moves away
from its source, it encounters a plurality of differently-sized
clumps in the surrounding inhomogeneous environments.
These clumps could be collections of solid bodies, conglom-
erates of stars, or entire regions permeated with gas and
dust clouds. Both the wind and the surrounding inhomo-
geneities undergo dramatic physical and chemical changes
when they interact. For example, solid objects sublimate
when immersed in stellar winds (e.g., Mendis & Hora´nyi
2014), stars lose mass and magnetic energy from their outer
atmospheres to a prevailing external wind (e.g., Yusef-Zadeh
2003; Ballone et al. 2013), and atomic and dense clouds are
disrupted by the ram pressure exerted by outflowing mate-
rial (e.g., Bally 1986; Jones, Ryu, & Tregillis 1996). Another
effect that has been seen in simulations of wind-swept clouds
is that they can be accelerated by the net force resulting
from the excess pressure on the upstream side of the cloud
pushing dense material downstream (e.g., McKee, Cowie, &
Ostriker 1978; Gregori et al. 2000; Marcolini et al. 2005).
On the other hand, the wind itself can also be al-
tered during these interactions and it often evolves from
purely adiabatic to radiative expansion phases (e.g., Cas-
tor, McCray, & Weaver 1975; Weaver et al. 1978; Reynolds
2008). The transition into a highly-efficient cooling regime
occurs when lateral and reverse shocks inject additional ki-
netic energy into the wind and excite atomic and molecu-
lar species as a result (e.g., Koo & Moon 1997a,b). Some
significant effects observed in winds when they encounter
clouds in their trajectories also include ageing, deceleration,
and (de)magnetisation (see Klein, McKee, & Colella 1994;
Alu¯zas et al. 2014). The importance of studying wind-cloud
systems in the context of this work, then, lies in three main
points: a) the wind-swept clouds may be distorted into tail-
shaped structures (i.e., filaments) by disruptive processes
and magnetohydrodynamic instabilities; b) winds encoun-
tering clumpy regions in the ISM can trigger shocks that
may produce detectable thermal and non-thermal emission
in these filaments; and c) advective and compressive pro-
cesses combined with turbulence can radically change the
topology and strength of magnetic fields and ultimately lead
to the appearance of magnetohydrodynamic waves and the
occurrence of highly energetic processes, such as magnetic
reconnection (see e.g., Jones et al. 1996, Miniati, Jones, &
Ryu 1999; Lazarian & Vishniac 1999; Lazarian et al. 2015).
In this and subsequent papers we systematically investigate
these three aspects in detail with the help of MHD numer-
ical models of wind-cloud systems in which the supersonic
motion of a hot wind produces filaments as it interacts with
clouds of either uniform or fractal geometry.
The aim of this first paper is to provide insights into the
processes that lead to the formation of filaments in a non-
turbulent environment, i.e., a medium with uniform mag-
netic fields permeated by spherical, pressure-bound clouds.
We shall extend the analysis to fractal clouds and turbu-
lent environments in a subsequent paper (hereafter Paper
II). In addition, we advance the overall understanding of
the magnetohydrodynamics involved in the interaction of
a wind-cloud system by performing three-dimensional sim-
ulations using a set of previously-unexplored, more realis-
tic initial conditions. The remainder of this paper is organ-
ised as follows. In Section 2 we review the current litera-
ture and contextualise the present work. In Section 3 we
include a description of the numerical methods, initial and
boundary conditions, time-scales, and diagnostics that we
employ for our study. In Sections 4, 5, and 6 we present
our results. In Section 4 we describe the processes that
lead to the disruption of clouds immersed in winds. In Sec-
tion 5 we include an overall description of filament forma-
tion and comparisons between different initial configurations
(e.g., non-magnetised and magnetised environments, adia-
batic and quasi-isothermal equations of state, and different
strengths and orientations of the magnetic field). We utilise
2D slices and 3D volume renderings to illustrate the struc-
ture, acceleration, and survival of filaments against dynam-
ical instabilities, as well as the evolution, in the magneto-
tails, of the magnetic energy and the plasma β (the ratio of
thermal pressure to magnetic energy density). In Section 6
we analyse entrainment processes of clouds and filaments in
winds. In Section 7 we discuss the limitations of our study
and the work to be pursued in the future. In Section 8 we
summarise our findings and conclusions.
2 PROBLEM DEFINITION
A wind-cloud system constitutes an idealised scenario in
which an initially static, isolated cloud or a collection of
clouds interact with a wind represented by a velocity field
contained within a finite volume (an alternative approach is
to consider that the wind is actually static and the cloud is
a bullet moving through it with a certain velocity, e.g., bal-
listically). Because of the intrinsically non-linear character
of the equations describing the evolution of wind-cloud in-
teractions, these systems can only be studied analytically in
simplified cases (see the pioneering work by McKee & Cowie
1975), and, in general, they need to be studied with nu-
c© 2015 RAS, MNRAS 000, 1–25
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merical simulations. In purely hydrodynamic studies, where
source terms are neglected, the wind-cloud system is often
characterised by three numbers:
1) The adiabatic index of the gas
γ =
cp
cv
, (1)
where cp and cv are the specific heat capacities at constant
pressure and volume, respectively.
2) The Mach number of the wind
Mw = |vw|
cw
, (2)
where |vw|≡ vw and cw =
b
γ Pth
ρw
are the speed and adia-
batic sound speed of the wind, respectively.
3) The density contrast
χ =
ρc
ρw
(3)
between the cloud, ρc, and wind material, ρw (Jones et al.
1996). Note that in Equations (2) and (3): a) we utilise nor-
malised quantities in code units, and b) we assume an ideal
single-fluid approximation characterised by a constant poly-
tropic index, γ, and a uniform mean molecular weight, µ¯.
The thermal pressure, Pth, can be obtained from the gas
temperature using thermodynamic relations. If the Mach
number of the wind is much higher than unity, Klein et al.
(1994) and Nakamura et al. (2006) demonstrated that Mach
scaling is applicable, so that the evolution solely depends
upon the density contrast. This parametrisation indicates
that adiabatic simulations are scale-free and therefore inde-
pendent of any absolute dimensions or primitive inputs.
When additional source terms, e.g., cooling or heating,
are added to the basic hydrodynamic model, the scaling
of the simulations is restricted to a one-parameter scaling
(see the discussion on scaling in section 3.2 of Sutherland
& Bicknell 2007). In such cases, however, simulations are
specifically designed for a pre-defined problem, and results
are generally not transferable to other situations. In numer-
ical simulations where magnetic fields are incorporated, a
fourth parameter is included:
4) The so-called plasma beta2
β =
Pth
Pmag
=
Pth
1
2
|B|2 , (4)
a dimensionless number that relates the thermal pressure,
Pth, to the magnetic pressure, Pmag =
1
2
|B|2, in a medium,
needs to be specified for the system. Sometimes, the Alfve´nic
Mach number,
MA = vw
vA
=
vw
|B|?
ρw
, (5)
is used instead. Here, vA is the Alfve´n speed in the wind.
Additionally, if the magnetic field is uniformly distributed
in the simulation domain, such as in the models presented
here, a set of additional parameters describing the topol-
ogy of the field needs to be added as an input to the set-
ups (e.g., in three-dimensional models two direction angles
2 Note that the factor 1?
4pi
has been subsumed into the definition
of magnetic field. The same normalisation applies henceforth.
are reported). If more complex magnetic fields are imple-
mented, alternative quantities, such as the maximum field
strength, the average plasma beta, or parameters associated
with magnetic turbulent cascades are often used as problem
descriptors (see Paper II).
2.1 Previous Work
Over the last two decades, a considerable amount of
two-dimensional (planar 2D or axisymmetric 2.5D) and
three-dimensional (3D) hydrodynamic (HD) and magne-
tohydrodynamic (MHD) simulations of wind-cloud inter-
actions have been performed. Murray et al. (1993) stud-
ied how dynamic instabilities affect pressure-bound and
gravitationally-bound clouds as they move subsonically
through a background gas in a two-phase medium. Jones
et al. (1994) employed a two-fluid numerical model to iden-
tify particle acceleration sites in cosmic bullets and showed
that they can be radio sources. Schiano, Christiansen, & Kn-
err (1995) studied wind-accelerated, radiating clouds and
found that radiation losses enhance the ablation of small-
scale perturbations and prolong cloud lifetimes. Later, Jones
et al. 1996 modelled cylindrical clouds threaded by aligned
and transverse magnetic fields with different Alfve´nic Mach
numbers and found that stretching, folding, and compres-
sion of field lines are the dominant effects for field amplifi-
cation. Miniati et al. (1999) studied the exchange of kinetic
and magnetic energy in two-dimensional wind-cloud interac-
tions and showed that the magnetic pressure at the leading
edge of the cloud can exceed the wind ram pressure and
become dynamically important in clouds with high density
contrasts with respect to the wind.
Additionally, Gregori et al. (1999, 2000) explored 3D
scenarios of a single cloud immersed in a magnetised wind
in which the field was oriented perpendicular to the wind
velocity. They showed that the growth of dynamical insta-
bilities at the leading edge of the cloud is increased, owing
to an enhanced magnetic pressure caused by the effective
trapping of field lines in surface deformations. Raga, Stef-
fen, & Gonza´lez (2005) explored the effects of photoionisa-
tion on wind-swept clouds and reported that strong ionis-
ing fields can radically reduce the fragmentation of clouds
by creating an interposing layer of photo-evaporated gas
around them. Later, Pittard et al. (2005) analysed the case
of non-magnetised winds interacting with multiple embed-
ded sources of mass injection in 2D and concluded that a
collection of such clouds can act as a barrier for the wind
if the mass injection rate in them is higher than the wind
mass flux. Cooper et al. (2008, 2009) studied the 3D HD in-
teraction of star-formation-driven winds with spherical and
fractal clouds. They found that long filamentary tails can re-
sult from such interactions and survive acceleration aided by
their ability to radiate. More recently, McCourt et al. (2014)
performed another set of 3D simulations adding a constant
magnetic field to the wind and a tangled, force-free magnetic
field to the cloud. Their results suggested that an internal
tangled field can suppress the disruption of the cloud and
lead to fragments co-moving with their surroundings. A list
of publications related to wind-cloud interactions is provided
in Table 1.
Additional publications that are relevant to the study
of filaments arising from wind-cloud systems include those
c© 2015 RAS, MNRAS 000, 1–25
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Table 1. Comparison between the parameter space explored by previous authors and our present work. Column 1 contains the references.
Column 2 provides the number of dimensions considered in their simulations and whether the models reported are purely hydrodynamic
(HD), magnetohydrodynamic (MHD), or both (M/HD). Column 3 indicates the type of geometry employed to describe clouds, i.e.,
spherical (Sph), cylindrical (Cyl) or fractal (Fra). Column 4 indicates the resolutions (Rx) used for the simulations in terms of the
number of cells (x) per cloud radius. Columns 5, 6, 7, and 8 summarise the polytropic indices (γ), density contrasts (χ), Mach numbers
(Mw), and initial plasma betas (β) reported in the references. Finally, column 9 indicates the topological structure of the field (when
relevant), which could be tangled (Ta), turbulent (Tu), or aligned (Al), transverse (Tr), and oblique (Ob) with respect to the direction
of the wind velocity.
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Reference Type Cloud Resolution γ χ Mw β Topology
Murray et al. (1993) 2D HD Cyl R25 1.67 500, 103 0.25 - 1 ∞ –
Jones et al. (1994) 2D HD Cyl R43 1.67 30, 100 3, 10 ∞ –
Schiano et al. (1995) 2D HD Cyl/Sph R128 - R270 1.67 10 - 2000 10 ∞ –
Jones et al. (1996) 2D M/HD Cyl R50, R100 1.67 10, 40, 100 10 1 - 256, ∞ Al, Tr
Miniati et al. (1999) 2D MHD Cyl R26 1.67 10, 100 1.5,10 4 Ob
Gregori et al. (1999) 3D M/HD Sph R26 1.67 100 1.5 4, 100, ∞ Tr
Gregori et al. (2000) 3D MHD Sph R26 1.67 100 1.5 4, 100 Tr
Raga et al. (2005) 3D HD Sph R25 1.0 50 2.6 ∞ –
Pittard et al. (2005) 2D HD Cyl R<32 1.0 ≤ 350 1, 20 ∞ –
Cooper et al. (2009) 3D HD Fra R6 - R38 1.67 630 - 1260 4.6 ∞ –
McCourt et al. (2014) 3D MHD Sph R32 1.67 50 1.5 0.1 - 10 Ta
Paper I 3D M/HD Sph R128 1.67, 1.1 103 4, 4.9 10, 100, ∞ Al, Tr, Ob
Paper II 3D MHD Fra R128 1.67 103 4 25 - 100 Tu
related to the study of shock-cloud interactions in which a
shock, injected from one side of the simulation volume, im-
pacts a cloud (or clouds) immersed in a pre-shocked medium
initially at rest. The wind-cloud problem may actually be
seen as a particular case of the shock-cloud problem in which
the clumpy gas interacts with the flow behind a blast wave
shock rather than with the shock itself (see Section 9 in Klein
et al. 1994 for a thorough discussion). Wind-cloud systems,
however, may also be found in other scenarios in which an
initial shock-driven crush is not necessarily involved, such as
clouds forming and falling through thermally-unstable out-
flows and gaseous disks immersed in accelerating winds (see
Section 5 of Schiano et al. 1995 for further details). De-
spite foreseeable differences in the time-scales involved in
the evolution of wind-cloud and shock-cloud systems, the
main aspects of the physics entailed in the cloud disruption
and gas entrainment in both problems are similar. Thus, a
brief summary of the literature on shock-cloud interactions
is warranted. We will compare the contributions of each au-
thor with our conclusions in Section 4, so that in this section
we limit ourselves to solely providing details of their config-
urations and highlights of their work.
Early semi-analytical studies of shock-cloud interac-
tions include the works by Chevalier & Theys (1975); Wood-
ward (1976); Nittmann et al. (1982); Heathcote & Brand
(1983); and Hamilton (1985). Later, the advent of novel
computational algorithms and advanced tools allowed more
sophisticated numerical models. Stone & Norman (1992);
Klein et al. (1994); and Xu & Stone (1995), for example,
described the adiabatic evolution, in 2D and 3D, of an in-
terstellar cloud being impacted by a planar shock. Differ-
ent cloud geometries and orientations were tested, but only
non-radiative clouds with uniform density profiles were con-
sidered in these studies. In particular, Klein et al. (1994)
showed that convergence in adiabatic HD simulations is
achieved at resolutions of 120 cells per cloud radius. Later,
Nakamura et al. (2006) introduced a mathematical function
to prescribe smoothed density profiles in the clouds. Other
HD simulations reported in the literature include studies of
the propagation of a shock wave in the presence of multiple
clouds (see Poludnenko, Frank, & Blackman 2002; Melioli,
de Gouveia dal Pino, & Raga 2005; Alu¯zas et al. 2012).
Although less frequent than HD models, MHD simulations
have also been reported in the past. Mac Low et al. (1994) in-
troduced the first adiabatic, axisymmetric shock-cloud simu-
lations including magnetic fields. Later, Fragile et al. (2005);
Orlando et al. (2006); Shin et al. (2008) studied the dynamic
evolution of shocked clouds inserted in uniform fields in 2D,
2.5D, and 3D simulations, respectively.
Simulations in 2D and 2.5D have historically been used
as simplifications of otherwise computationally-expensive
3D models. Nonetheless, 2D models constrain the cloud
geometries and magnetic field topologies that can be em-
ployed, and this reduces the number of scenarios that can
be tested computationally. For instance, turbulent flows can
only be studied in 3D. More recently, Li, Frank, & Blackman
(2013a,b) simulated 3D cases where the magnetic field was
self-contained within the clouds, and Alu¯zas et al. (2014) re-
ported 2D adiabatic simulations of a shock interacting with
multiple magnetised clouds. Several shock-cloud and wind-
cloud simulations reported in the literature have incorpo-
rated source terms into their mathematical description of
the systems. The effects of optically-thin radiative cooling
(see Mellema, Kurk, & Ro¨ttgering 2002; Melioli & de Gou-
veia Dal Pino 2004; Fragile et al. 2004, 2005; Melioli et al.
2005; Yirak et al. 2010; Li et al. 2013b; Johansson & Ziegler
2013), thermal conduction (Marcolini et al. 2005; Orlando
et al. 2006; Orlando et al. 2008; Miceli et al. 2013), photo-
evaporation (Melioli et al. 2005; Tenorio-Tagle et al. 2006),
and self-gravity (Fragile et al. 2004) have been considered in
the past. The turbulent destruction in 2D shock-cloud inter-
actions has also been studied by Pittard et al. (2009); Pit-
tard, Hartquist, & Falle (2010); and Pittard et al. (2011) us-
ing a non-Eulerian, sub-grid compressible turbulence model.
c© 2015 RAS, MNRAS 000, 1–25
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2.2 Current Work
Notwithstanding the significant progress made towards the
understanding of the processes leading to the disruption of
clouds by shocks and winds in the ISM, the detailed mech-
anisms that lead to the formation of filamentary tails from
these interactions have not been analysed thoroughly. For
instance, how is the cloud disruption process associated
with the formation of filaments? How do filaments evolve
in time in non-magnetised and magnetised cases? How long
can (magneto)tails survive against the wind ram pressure
and plasma instabilities in the ISM? What is the internal
structure of these filaments?
Filamentary tails have been observed in some previous
simulations, but not every wind-cloud interaction has been
capable of producing long-lived structures. Thus, which ini-
tial conditions really favour the formation of (magneto)tails?
How does the initial magnetic field topology affect the evo-
lution of wind-cloud interactions and the resulting tail mor-
phology? What is the fate of the dense gas originally in the
cloud cores and of their associated filamentary tails? Could
high-density cores provide the required footpoints for tails
to form?
Large differences in the Courant time of wind and cloud
material can make scenarios with very high density contrasts
computationally expensive, so that most previous studies
considered cases in which the density contrasts between am-
bient and cloud material ranged from 10 − 100. Realisti-
cally, however, clouds can be 103 − 106 times denser than
low-density winds in the ISM. Higher density contrasts can
be influential in the development of fluid instabilities and
disruption time-scales. Our study is the first to thoroughly
probe this physically relevant parameter range at high res-
olution.
3 METHOD
3.1 Simulation code
To study the filamentary structures arising from wind-cloud
interactions and provide answers to the questions discussed
in Section 2.2, we solve the equations of ideal magnetohydro-
dynamics using the PLUTOv4.0 code (Mignone et al. 2007;
Mignone et al. 2012) in a 3D cartesian coordinate system
(X1, X2, X3). The relevant system of equations for mass, mo-
mentum, energy conservation, and magnetic induction are:
∂ρ
∂t
+∇ · rρvs = 0, (6)
∂ rρvs
∂t
+∇ · rρvv −BB + IP s = 0, (7)
∂E
∂t
+∇ · rpE + P qv −B pv ·Bqs = 0, (8)
∂B
∂t
−∇× pv×Bq = 0, (9)
where ρ is the mass density, v is the velocity, B is the mag-
netic field, P = Pth + Pmag is the total pressure (thermal
plus magnetic: Pmag =
1
2
|B|2), E = ρ + 1
2
ρv2 + 1
2
|B|2
is the total energy density,  is the specific internal energy,
and T the gas temperature. To close the above system of
conservation laws, we use an ideal equation of state, i.e.,
Figure 1. Simulation set-up for spherical clouds with smoothed
density profiles. The wind velocity field is represented by arrows
and the cloud density (ρCcloud) is shown is represented by the
sphere.
Pth = Pth(ρ, ) = pγ − 1q ρ, (10)
assuming a polytropic index γ = 5
3
for adiabatic simula-
tions and γ = 1.1 for quasi-isothermal simulations. We also
include additional advection equations of the form:
∂ rρCαs
∂t
+∇ · rρCαvs = 0, (11)
where Cα represents a set of three Lagrangian scalars used
to track the evolution of gas initially contained in the
cloud as a whole (α = cloud/filament), in its core (α =
core/footpoint), and in its envelope (α = envelope/tail). Ini-
tially we define Cα = 1 for the whole cloud, the cloud core
and the cloud envelope, respectively, and Cα = 0 everywhere
else. This configuration allows us to follow the evolution of
distinct parts of the cloud separately as they are swept up by
the wind, as well as carefully examine the internal structure
of the filaments that form downstream.
To solve the above system of hyperbolic conservation
laws, we configure the PLUTO code to use the HLLD approx-
imate Riemann solver of Miyoshi & Kusano (2005) jointly
with the constrained-transport upwind scheme of Gardiner
& Stone (2005, 2008) (used to preserve the solenoidal con-
dition, ∇ ·B = 0). Equivalent algorithms are employed to
solve the equations in the purely hydrodynamic simulation,
i.e., the HLLC approximate Riemann solver of Toro, Spruce,
& Speares (1994), and the corner-transport upwind method
of Colella (1990) and Saltzman (1994). In order to achieve
the required stability, the Courant-Friedrichs-Lewy (CFL)
number was assigned a value of 0.3 in all these cases.
The numerical resolutions and initial conditions used in
our models and characterised by high density contrasts and
supersonic wind speeds, have not been considered in pre-
vious three-dimensional studies. Despite being adequate to
describe more realistic models of the ISM, the combination
of these initial conditions may be challenging for some nu-
c© 2015 RAS, MNRAS 000, 1–25
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Figure 2. Density profile for N = 10 along the radial direction
(see Equation 12).
merical solvers as a result of high-Mach-number flows near
contact discontinuities and sharp density jumps. We address
these technical difficulties by adding numerical diffusion to
those cells affected by the high-Mach number problem.
3.2 Initial and Boundary Conditions
For these simulations we consider a two-phase ISM com-
posed of a single spherical cloud surrounded by a hot ten-
uous wind. The cloud is initially static and immersed in a
wind represented by a uniform velocity field. The simulation
volume consists of a rectangular prism with diode boundary
conditions (i.e., outflow is allowed and inflow is prevented)
on seven of its sides plus an inflow boundary condition (i.e.,
an injection zone) on the remaining side. The injection zone,
located on the bottom left ghost zone of the computational
domain (see Figure 1), ensures that the flow of wind material
is continuous over time.
All the simulations reported here utilise Cartesian
(X1, X2, X3) coordinates and cover a physical spatial range
−2rc ≤ X1 ≤ 2rc,−2rc ≤ X2 ≤ 10rc, and−2rc ≤ X3 ≤ 2rc,
where rc is the radius of the cloud. In the standard model,
the grid resolution is (NX1×NX2×NX3) = (512×1536×512),
i.e., there are 128 cells covering the cloud radius (R128) and
64 cells covering the core radius. Other resolutions are ex-
plored in Paper III. The cloud is initially centred in the
position (0, 0, 0) of the simulation domain and has a density
distribution that smoothly decreases as the distance from
its centre increases (see Kornreich & Scalo 2000; Nakamura
et al. 2006). The function describing the radial density gra-
dient is
ρ(r) = ρw +
(ρc − ρw)
1 +
´
r
rcore
¯N , (12)
where ρc = 100 is the density at the centre of the cloud,
ρw = 0.1 is the density of the wind, rcore = 0.5 is the ra-
dius of the cloud core, and N is an integer that determines
the steepness of the curve describing the density gradient
(see Figure 2). The density profile given in Equation (12)
extends to infinity, so that we impose a boundary for the
cloud by selecting an appropriate exponent N and a cut-
off radius. We truncate the density function at rcut = 1.58,
Table 2. Simulation parameters for different models. In column
1, HD refers to the purely hydrodynamic scenario, while MHD-Al,
MHD-Tr and MHD-Ob are magnetohydrodynamic models with
magnetic fields aligned, transverse and oblique to the wind ve-
locity, respectively. MHD-Ob-S and MHD-Ob-I include oblique
fields with an increased strength and a reduced polytropic index,
respectively. The initial conditions are reported in columns 2− 5.
(1) (2) (3) (3) (4) (5)
Model γ M χ β Topology
HD 1.67 4 103 ∞ –
MHD-Al 1.67 4 103 100 Aligned
MHD-Tr 1.67 4 103 100 Transverse
MHD-Ob 1.67 4 103 100 Oblique
MHD-Ob-S 1.67 4 103 10 Oblique
MHD-Ob-I 1.10 4.9 103 100 Oblique
at which ρ(rcut) = 1.01ρw to ensure a smooth transition
into the background gas, but we define the boundary of the
cloud at rc = 1, at which ρ(rc) = 2.0ρw (i.e., for N = 10) for
all the simulations reported here. A density gradient simi-
lar to that described by Equation (12) is expected in clouds
populating the ISM. In molecular clouds, for example, the
dense H2 cores are surrounded by colder atomic h i shells
and thence by low-density, photo-ionised h ii envelopes (a
schematic view of typical molecular clouds can be found in
Figure 3 of Higdon, Lingenfelter, & Rothschild 2009).
This study comprises six numerical simulations in to-
tal (see Table 2). Model HD, the only model without mag-
netic fields, serves as a comparison between filament forma-
tion mechanisms in HD and MHD configurations. Models
MHD-Al and MHD-Tr study the formation of magnetotails
in environments where the field has the same initial strength
(β = 100) and it is aligned (Al), i.e.,
B = BAl = B2 =
c
2Pth
β
eˆ2, (13)
or transverse (Tr), i.e.,
B = BTr = B1 =
c
2Pth
β
eˆ1, (14)
with respect to the wind velocity, respectively. MHD-Ob is
our standard model in which the magnetic field has the same
strength as before (i.e., β = 100) and is defined as follows
B = BOb = B1 +B2 +B3, (15)
i.e., a 3D field obliquely oriented with respect to the wind
direction with components of identical magnitude, i.e.,
|B1|= |B2|= |B3|=
c
2Pth
3β
. (16)
Note that the cloud is in thermal pressure equilibrium with
the ambient medium at the beginning of the calculation
(Pth = 0.1).
Model MHD-Ob-S uses the same initial field with an
oblique topology, but it explores the evolution of magneto-
tails in an environment with a slightly stronger initial mag-
netic field (β = 10). In addition, model MHD-Ob-I studies
the quasi-isothermal (γ = 1.1) evolution of a wind-cloud sys-
tem. Note that in this model, the Mach number needs to be
altered (to Mw = 4.9) in order to keep the wind speed and
dynamic time-scales constant. In all our MHD simulations,
c© 2015 RAS, MNRAS 000, 1–25
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we use the magnetic vector potential A, where B =∇×A,
to initialise the field and ensure that the initial field has zero
divergence.
3.3 Diagnostics
To study the formation and evolution of filaments, a series
of diagnostics, involving geometric, kinetic, and magnetic
quantities, can be estimated from our simulated data. Fol-
lowing previous authors (Klein et al. 1994; Nakamura et al.
2006; Shin et al. 2008) we define the volume-averaged value
of a variable F by:
[ Fα ] =
∫ FCαdV∫
CαdV
, (17)
denoted by square brackets, and the mass-weighted volume
average of the variable G by:
〈 Gα 〉 =
∫ GρCαdV∫
ρCαdV
, (18)
denoted by angle brackets. In Equations (17) and (18), V
is the volume and Cα are the advected scalars defined in
Section 3.1. Note that the denominators in Equations (17)
and (18) are the total cloud volume, Vcl, and cloud mass,
Mcl, respectively, which are both, in general, functions of
time. Taking Equation (17), we define functions describing
the average density, [ ρα ]; and the average plasma beta,
[ βα ]. Taking Equation (18), we define the averaged cloud
extension, 〈 Xj,α 〉; its rms along each axis, 〈 X2j,α 〉; the av-
eraged velocity, 〈 vj,α 〉; and its rms along each axis, 〈 v2j,α 〉.
Note that j = 1, 2, 3 specifies the direction along X1, X2,
and X3, respectively. The initial values of the above quanti-
ties are used to normalise their averaged values and retain
the scalability of our results. Velocity measurements are the
exemption to this as they are normalised with respect to
either the wind sound speed, cw, or the wind speed, vw.
In order to quantify changes in the shape of the cloud,
the effective radii along each axis
ιj,α =
“
5
`〈 X2j,α 〉 − 〈 Xj,α 〉2˘‰ 12 (19)
are utilised (Mac Low et al. 1994). Using Equations (19), we
define the aspect ratio of the filament along j = 2, 3 as
ξj,α =
ιj,α
ι1,α
. (20)
In a similar way, the corresponding dispersion of the j-
component of the velocity and the transverse velocity read
δvj,α =
`〈 v2j,α 〉 − 〈 vj,α 〉2˘ 12 , (21)
and
δvα ≡ |δvα |=
d∑
j=1,3
δ2vj,α , (22)
respectively. Note that the cloud acceleration can be studied
by analysing the behaviour of 〈 v2,α 〉. We also measure the
degree of mixing between cloud and wind gas by using a
mixing fraction expressed as a percentage
fmixα =
∫
ρCα˚dV
Mcl,0
× 100%, (23)
where the numerator is the mass of mixed gas, with 0.1 ≤
Cα˚ ≤ 0.9 tracking material in mixed cells, and Mcl,0 repre-
sents the mass of the cloud at time t/tcc = 0. Additionally,
the flux of mass through two-dimensional surfaces transverse
to the X2 axis is calculated from
Fα = |Fα(Xcut)|=
ˇˇˇˇ∫
ρCα(v · eˆ2)dS eˆ2
ˇˇˇˇ
, (24)
where Xcut defines the location at which we place the refer-
ence surface (e.g., at the rear side of the simulation domain),
and dS is a differential element of that surface. The surface
elements are squares in our case as we are using equidis-
tant uniform grids without mesh refinement. To maintain
the scalability of our results, we report the mass fluxes
normalised with respect to the initial flux of wind mass
through the same reference surface defined by Xcut, namely
Fwind,0 = |Fwind,0(Xcut)|=
ˇˇ∫
ρw(vw · eˆ2)dS eˆ2
ˇˇ
.
Another set of diagnostic quantities include those re-
lated to the energetics involved in the formation of magneto-
tails. The enhancement of kinetic energy in cloud (filament)
material is proportional to the mass-weighted velocity of the
structure, so its behaviour can be studied by analysing the
evolution of 〈 vj,α 〉. On the other hand, the variation of the
magnetic energy contained in filament material at a specific
time, t, can be studied with
∆EMα =
EMα − EMα,0
EMα,0
, (25)
where EMα =
∫
1
2
|B|2CαdV is the total magnetic energy in
cloud (filament) material, and EMα,0 is the initial magnetic
energy in the cloud.
3.4 Dynamical time-scales
Three important dynamical time-scales in our simulations
include:
a) The cloud-crushing time (as defined in Jones et al. 1996)
tcc =
2rc
vs
=
ˆ
ρc
ρw
˙ 1
2 2rc
Mwcw = χ
1
2
2rc
Mwcw ; (26)
where vs = Mwcwχ− 12 is the speed of the internal shock
transmitted to the cloud by the wind after the initial colli-
sion. Hereafter, times reported in this paper are normalised
with respect to the cloud-crushing time in order to maintain
scalability.
b) The simulation time, which in our case is
tsim = 1.225 tcc. (27)
c) The wind-passage time (as defined in Fragile et al. 2005)
twp =
2rc
vw
=
1
χ
1
2
tcc = 0.032 tcc; (28)
In reference to time resolution, our simulations are sen-
sitive to changes occurring on time-scales of the order of
2.5 × 10−5 tcc, owing to the small time steps involved, and
output files are written at intervals of ∆t = 8.2 × 10−3 tcc
to ensure that sequential snapshots adequately capture the
evolution of the filaments’ morphology.
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4 CLOUD DISRUPTION
A thorough description of the results obtained in our simula-
tions is presented in this and subsequent sections. In Section
4 we summarise the processes leading to the disruption of
clouds when they are swept up by supersonic winds. In Sec-
tion 5, we describe the mechanisms involved in the formation
of filamentary structures and how they evolve over time in
a purely hydrodynamic case; in two models with different
magnetic field geometries, namely aligned with and trans-
verse to the wind velocity; and in the more general case in
which the field is oblique (i.e., it has both aligned and trans-
verse components). We also discuss the effects of varying the
initial field strength as defined by the plasma beta (β) and
of softening the equation of state by changing the adiabatic
index (γ). Finally, in Section 6 we discuss the entrainment
of clouds and filaments in global winds.
The processes leading to the break-up of clouds and the
formation of filaments in wind-cloud interactions are inti-
mately related. The relationship is, in fact, a causal one in
which a filament forms as a result of the steady disruption of
the cloud. Thus, to study the formation, structure, and evo-
lution of filamentary structures, we first need to understand
the mechanisms responsible for the destruction of the cloud.
Even though distinct sets of initial conditions can result in
morphologically different filamentary structures as we show
in Section 5, cloud disruption can be considered as a uni-
versal four-stage process regardless of the initial conditions.
As we explain below, the main aspects of the evolution re-
main the same in models with distinct initial configurations
with differences arising solely due to time lags in the emer-
gence of fluid instabilities and turbulence. A summary of the
processes leading to the disruption of a wind-swept cloud is
below:
(i) Compression phase: At the earliest stage, wind ma-
terial commences interacting with the front surface of the
cloud and produces two effects: a) shock waves are triggered
in both media: one shock wave is reflected back into the up-
stream wind medium forming a high-pressure, bow shock,
while an internal shock is transmitted into the cloud; and b)
the wind ram pressure starts to compress the cloud gas in
all directions, increasing the core density to twice its origi-
nal value and reducing the lateral size of the core by ∼ 25 %
(see Panels A and B of Figure 3, respectively). The shock
transmitted to the cloud travels through its environment at
a speed: vs 'Mwcwχ− 12 = 0.126 cw = 0.032 vw, and arrives
at its rear surface in a time of approximately t/tcc = 1.0.
The compression phase lasts until ∼ t/tcc = 0.3 and is com-
mon to all models as can be seen in Figure 3.
(ii) Stripping phase: Meanwhile, wind material starts
to flow downstream and wraps around the cloud converging
behind it in t/twp = 1.0 (see Equation 28). The convergence
of flow on the axis at the rear of the cloud drives a transient
biconical shock into the ambient gas. The coupling region
in the biconical structure, formed by low-density gas, moves
upstream (i.e., against the flow) towards the rear surface
of the cloud and contributes to its flattening. Concurrently,
the wind material moving downstream also interacts with
the outer layers of the cloud and instigates stripping of its
gas (see the flux of cloud/filament mass in Panel C of Fig-
ure 3). Stripping occurs primarily due to the onset of the
Kelvin-Helmholtz (hereafter KH) instability at the wind-
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Figure 3. Panel A shows the time evolution of the average core
density in models HD (dashed line), MHD-Al (dotted line), MHD-
Tr (dash-dotted line), and MHD-Ob (solid line). Panel B indicates
the evolution of the elongation of the cloud core in the X1 direc-
tion: compression, stripping, expansion, and break-up phases are
identified. Panel C shows the mass flux of stripped material flow-
ing through the back surface of the simulation domain as a func-
tion of time. Note that the mass flux has been normalised with
respect to that of the wind flowing through the same surface at
the beginning of the computation (see Section 4).
cloud interface. As a result, cloud and wind material begin
to mix downstream and the low-density gas in the envelope
of the cloud is steadily removed and funnelled into the flow.
The stripping phase occurs at all times, but it is more dy-
namically important from ∼ t/tcc = 0.2 until t/tcc = 0.5.
Different initial configurations can change the growth time
c© 2015 RAS, MNRAS 000, 1–25
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of the KH instability at shear layers and speed up or slow
down the stripping process. Note, for example, that mod-
els HD and MHD-Al exhibit higher mass fluxes than models
MHD-Tr and MHD-Ob throughout most of the evolution. In
Section 5 we describe how stripping leads to the formation of
filamentary tails behind the cloud and how the structure of
these tails changes when the initial magnetic field changes.
(iii) Expansion phase: The shock transmitted into the
cloud travels through it, transporting energy with it. With-
out an efficient mechanism to remove the extra energy from
the system, this is added in full to the internal energy of the
gas, . The resultant changes in thermal pressure then lead
to adiabatic heating, the temperature rises, and the cloud
expands (note e.g., how the elongation along the X1 direc-
tion starts to increase after t/tcc = 0.3 in Panel B of Figure
3). Cloud material becomes more vulnerable to stripping
caused by the wind ram pressure as the effective cross sec-
tion upon which the wind exerts its force increases and this
accelerates gas mixing. The arrival of the internal shock at
the back surface of the cloud also allows denser gas to flow
downstream and occupy low-pressure regions previously cre-
ated by rarefaction waves in the aforementioned biconical
structure. The expansion phase lasts from t/tcc = 0.5 to
t/tcc = 1.0 and is qualitatively similar in all models regard-
less of the initial conditions. We note, however, that the
degree of compression and expansion of cloud material is
connected to the equation of state assumed for the gas, so if
a softer polytropic index is used (i.e., γ = 1.1), compression
can be largely enhanced and expansion delayed (see Section
5.5.2 in which we describe the evolution of a quasi-isothermal
model in detail).
(iv) Break-up phase: The net effect of the drag force ex-
erted by the wind on the cloud is to accelerate it. As material
is removed from the cloud, this acceleration increases and
the associated Rayleigh-Taylor (hereafter RT) instability de-
velops more quickly. At about t/tcc = 1.0, the cloud has been
accelerated to about 0.60 cw = 0.09 vw (see Section 6.2 for
further details). This situation combined with an expanded
cross sectional area favours the growth of more disruptive
(long-wavelength) RT instability modes, which disrupt the
cloud and break it up into smaller cloudlets (note how the
lateral size of the core in the X1 direction grows faster after
t/tcc = 1.0 in Panel B of Figure 3). These cloudlets are fur-
ther accelerated and should eventually acquire the full wind
speed, if not destroyed by instabilities beforehand. However,
we do not follow the evolution of these cloudlets beyond
t/tcc = 1.2, so that further investigation of this late-stage,
co-moving phase is warranted. Even though long-wavelength
RT perturbations are ultimately responsible for the destruc-
tion of the cloud in all cases, the break-up process can be
sped up or slowed down depending on the initial configura-
tion of the magnetic field. In Section 5.1, we provide a full
description of the development of instabilities under differ-
ent ambient conditions and their effect on the morphology
of the resulting filaments.
Previous simulations of shock-cloud interactions showed
that the destruction of clouds can occur in several cloud-
crushing times. In contrast, our models show that clouds,
with the above density contrast, are disrupted in a single
cloud-crushing time as defined by Equation (26). This result
can be attributed to: 1) the employment of more realistic
three-dimensional clouds with large density contrasts and
gentle smoothing profiles; and 2) the fact that the clouds in
our models are interacting with supersonic flows at all times.
This is in agreement to what was found by Gregori et al.
(2000) despite the different initial conditions used in their
work. In addition, we note that these phases overlap with
each other (e.g., stripping occurs at all times), so the above
description indicates the dominant effects at specific time
intervals during the evolution. Previous authors described
a similar four-phase process when studying shocked clouds
(Klein et al. 1994; Cooper et al. 2009). The evolution of
shock-cloud systems was divided into a shock transmission
phase followed by shock compression, cloud expansion, and
cloud destruction phases. Since we are investigating wind-
cloud interactions with high density contrasts, stripping is
an important mechanism to support filamentary structures
over extended periods of time. Thus, we believe that our
division above is more relevant for the study of filament
formation. Besides, the initial shock compression phase is
triggered by the impact of the incident wind on the cloud
nose, so that both can be seen as constituents of the same
evolutionary stage.
We also note that different magnetic field strengths and
orientations can lead to specific quantitative changes. In par-
ticular, the presence of transverse components in the initial
magnetic field can change the dynamics of small-scale flows,
i.e., they can enhance or suppress fluid instabilities at shear
layers depending on how the geometry and strength of the
field evolve (see e.g., Cattaneo & Vainshtein 1991; Frank
et al. 1996). Before studying the effects of fluid instabilities
in more detail, however, we first concentrate on how fila-
mentary structures form in these interactions.
5 FILAMENT FORMATION AND
EVOLUTION
In this section we address the principal aspects of the forma-
tion and evolution of filaments associated with wind-cloud
systems. First, we study how the inclusion of magnetic fields
affects the filament motion and its morphology as it travels
through the ambient medium, and second, we analyse how
magnetic fields inside and around the filament respond to
that motion and change of shape. We provide a detailed de-
scription of the structure and magnetic configuration of both
filaments and winds for different initial field orientations.
Figure 4 shows the evolution of the logarithmic filament
density in four different models, HD, MHD-Al, MHD-Tr,
and MHD-Ob, at four different times, namely t/tcc = 0.2,
t/tcc = 0.4, t/tcc = 0.8, and t/tcc = 1.2. Note that the den-
sity has been multiplied by the tracer Ccloud, so that only
filament gas can be seen in the images. In addition, a quar-
ter of the volume in the rendering images has been clipped
in order to show the internal structure in greater detail. A
qualitative examination of Figures 4 and 5 reveals that the
overall evolution of filaments associated with wind-cloud in-
teractions comprises four stages:
(i) Tail formation phase: Filaments start to form dur-
ing the stripping phase of the cloud disruption process. As
the cloud is enveloped by the wind, instabilities remove ma-
terial from its surface layers and the wind carries this ma-
terial downstream (see Panels A and B of Figure 5). The
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Figure 4. 3D volume renderings of the logarithm of the mass density in filaments normalised with respect to the initial cloud density, ρc,
at four different times: t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.8, and t/tcc = 1.2. Panel A shows the evolution in a purely hydrodynamic case,
whilst the next three Panels: B, C, and D show the evolution of MHD wind-cloud systems with the magnetic field aligned, transverse,
and oblique to the wind direction, respectively. Note that a quadrant has been clipped from the renderings to show the interior of the
tails. Small-scale vorticity, gas mixing, and lateral expansion are more significant in models in which the initial magnetic field does not
have transverse components (see Section 5 for further details). Magnetic field components transverse to the streaming direction suppress
the KH instability and confine the gas (that has been stripped from the cloud) in narrow tails.
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Figure 5. 2D slices at X3 = 0 showing the evolution of the logarithm of the mass density in cloud/filament (Panel A), envelope/tail
(Panel B), and core/footpoint (Panel C) material, normalised with respect to the initial cloud density, in model MHD-Ob at seven
different times: t/tcc = 0, t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.6, t/tcc = 0.8, t/tcc = 1.0, and t/tcc = 1.2. The time sequence shows that gas
originally in the envelope of the cloud is transported downstream and deposited at the rear of the cloud to form the tail of the filament,
while gas originally in the core of the cloud acts as the footpoint and late-stage outer layer of the filamentary structure (see Section 5
for further details). A similar behaviour is observed in the other models reported in this paper, i.e., in models HD, MHD-Al, MHD-Tr,
MHD-Ob-S, and MHD-Ob-I.
advection of envelope material follows pressure gradients,
i.e., the material is deposited at the rear of the cloud at lo-
cations where the thermal pressure is low (at the beginning
of the interaction, gas at the rear of the cloud is evacuated
by the initial motion of the wind, leaving behind regions of
relatively low gas pressure). As soon as a filament forms,
we see that it is constituted by two substructures: a) a dif-
fuse elongated tail and b) a dense footpoint, analogous to
morphologies observed in cometary tails embedded in the
Solar wind. As shown in Panel B of Figure 5, the tail is
formed by a mix of wind material and low-density mate-
rial from the cloud envelope, the latter being the dominant
component. The filament footpoint, on the other hand, is
mainly composed of material originally in the cloud core.
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Figure 6. Time evolution of the filament tail (left column) and filament footpoint (right column) of three diagnostics: aspect ratio
(Panels A1 and A2), transverse velocity dispersion (Panels B1 and B2), and mixing fraction (Panels C1 and C2) in models HD (dashed
line), MHD-Al (dotted line), MHD-Tr (dash-dotted line), and MHD-Ob (solid line). Due to our finite simulation domain, the numerical
quantities given for the aspect ratios in Panels A1 and A2 should be considered as lower limits of the actual diagnostics (see Section 5
and Appendix A for further details).
As shown in Panel C of Figure 5, the core primarily serves
as a footpoint for the newly formed filament, but it also acts
as an outer layer of tail material at late times in the evo-
lution (t/tcc Á 0.6). In all our simulations, identifiable tails
have fully formed by t/tcc = 0.2 and they remain stable
until the filaments’ footpoints are broken up by disruptive
instabilities. Panels A1 and A2 of Figure 6 show that the
aspect ratios of tail and footpoint material, respectively, do
not depend upon the model, i.e., similar filament elonga-
tions are expected in adiabatic simulations regardless of the
initial conditions. Since envelope and core material start to
leave the simulation domain at approximately t/tcc = 0.2
and t/tcc = 0.6, respectively, the reader should consider the
numbers in these panels as lower limits after these times.
In fact, a comparison of model MHD-Ob with an equiva-
lent model in a larger domain shows that aspect ratios of
ξ2,tail Á 12 and ξ2,footpoint Á 4 should be contemplated (see
Appendix A for further details).
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(ii) Tail erosion phase: As can be seen in the render-
ings in Figure 4, not only the cloud surface, but also the
outermost layers of the tail are affected by dynamical in-
stabilities. Once the tail of the filament has formed, it re-
mains as a coherent elongated structure for most of the evo-
lution. A shear layer emerges at the interface between the
tail material and the surrounding wind. The wind velocity is
approximately tangential to this boundary layer rendering
the tail prone to the effects of KH instability perturbations.
The degree of turbulence and the intensity of vortices in
and around the tails are regulated by the KH instability,
which in turn depends upon the initial magnetic field orien-
tation as we show in Sections 5.2, 5.3, and 5.4. Panels B1
and C1 of Figure 6 clearly show this dependence as mod-
els with transverse magnetic field components develop less
turbulence than their counterparts. The transverse velocity
dispersions in the filamentary tails evolve similarly in all sim-
ulations until t/tcc ∼ 0.1, but then diverge for models with
and without transverse magnetic field components, with the
filaments in the latter models being more turbulent. For ex-
ample, at t/tcc = 0.5 the transverse velocity dispersion in
the tails is 40 % − 50 % higher in models HD and MHD-Al
than in models MHD-Ob and MHD-Tr. The ratio of mixed
gas to initially unmixed gas in the filamentary tails displays
a similar behaviour. It rises more rapidly for models without
transverse magnetic fields reaching values 5 % − 6 % higher
than those in the other pair of models. A similar trend is
seen in Panels B2 and C2 corresponding to footpoint ma-
terial, but the values of transverse velocity dispersions and
mixing fractions are lower and the effect is delayed. The
mixing fraction, for example, only increases to values higher
than 10 % after the break-up time.
(iii) Footpoint dispersion phase: The next stage in the
lifetime of a filament commences when its footpoint is dis-
persed by the combined effect of KH and (more importantly)
RT instabilities (see the rightmost renderings of Panels A−D
of Figure 4). Panels B and C of Figure 5 show that the tail
is attached to the original cloud and survives as a result
of the support provided by the cloud core and the contin-
uous supply of material from its envelope. When the cloud
commences its expansion phase (t/tcc Á 0.6), the gas in
both the tail and the footpoint also expands laterally with
it and the morphology of the filament changes. The roles
of the envelope and the core in the cloud are inverted in
the filament after this time, with low-density tail material
being wrapped by dense material originally located in the
footpoint. At ∼ t/tcc = 1.0, the structure of the filament
starts to lose coherence (note e.g., how the tail and foot-
point aspect ratios decrease after this time) as a result of
the expanded cross-sectional area (see Panels A1 and A2 of
Figure 6). In association with this, both the transverse ve-
locity dispersion and the amount of mixed gas, rapidly grow
after t/tcc = 1.0. Panels B1 and B2 of Figure 6 show that
the velocity dispersions are three times higher in both the
tail and footpoint at t/tcc = 1.2 when compared to values
before the break-up. A similar increase is seen in the values
of the mixing fractions in both components (see Panels C1
and C2 of Figure 6). As shown in the following sections, the
cloud acceleration and the associated RT bubbles formed
at the leading edge of the cloud are ultimately responsible
for the break-up and dispersion of the footpoint. After the
footpoint of the filament is destroyed, the tail of the fila-
ment is immersed in a highly turbulent environment and is
consequently more susceptible to disruptive perturbations.
(iv) Filament free floating: Although some of the co-
herence of the filamentary structure is lost after the foot-
point is dispersed, our simulations show that more diffuse
tails and smaller filaments survive for longer periods of time
(see the rightmost 2D slices of Panels B and C of Figure
5). We find that these structures linger either attached to
cloudlets or as entrained structures moving freely in the flow-
ing wind. In the latter scenario, the tails disconnect from the
footpoints by t/tcc = 1.2, suggesting that both filamentary
tails and cloudlets could potentially be observed as inde-
pendent structures at late-stages of wind-cloud interactions
in the ISM. The tail disconnection phenomenon has been
reported in both observations and simulations of cometary
tails in the Solar system (see e.g., Niedner & Brandt 1978;
Brandt & Snow 2000; Vourlidas et al. 2007), and of the
Earth’s magnetosphere (see e.g., Borovsky 2012). The size
of our current simulation domains are, unfortunately, not
sufficiently large to follow the evolution of these structures,
so that further work along this line is warranted.
5.1 Dynamical Instabilities
Dynamical instabilities arise naturally in wind-cloud inter-
actions and they not only deform the cloud but also alter
the morphology of the associated filaments. Previous stud-
ies showed that four instabilities can have significant effects
on the formation and evolution of wind-swept clouds. These
are the KH, RT, Richtmyer-Meshkov (hereafter RM), and
tearing-mode (hereafter TM) instabilities. The KH instabil-
ity in our simulations results from shearing motions occur-
ring at the boundary layer separating filament and ambient
gas (see the 3D study of the KH instability by Ryu, Jones,
& Frank 2000). The sinuosity observed in the lateral bound-
aries of the filamentary structures in the panels of Figure
4 is caused by the KH instability. The growth time-scale of
the KH perturbations is given by
(29)
tKH
tcc
'
[
ρ′cρ
′
wk
2
KH
(ρ′c + ρ′w)2
(v′w − v′c)2 − 2B
′2k2KH
(ρ′c + ρ′w)
]− 1
2 Mcw
2rcχ
1
2
,
where the primed quantities represent the values of the phys-
ical variables at the location of shear layers, and kKH =
2pi
λKH
is the wavenumber of the KH perturbations (Chandrasekhar
1961). In addition, the RT instability arises when the ini-
tially perturbed interface between the cloud and wind is
allowed to grow under the influence of the wind-driven ac-
celeration of dense gas (see Stone & Gardiner 2007). The
growth time-scale of the RT perturbations is given by
(30)
tRT
tcc
'
[(
ρ′c − ρ′w
ρ′c + ρ′w
)
akRT − 2B
′2k2RT
(ρ′c + ρ′w)
]− 1
2 Mcw
2rcχ
1
2
,
where the primed quantities represent the values of the phys-
ical variables at the leading edge of the cloud, a is the lo-
cal, effective acceleration of dense gas, and kRT =
2pi
λRT
is
the wavenumber of the RT perturbations (Chandrasekhar
1961). Equations (29) and (30) correspond to analyses of
the instabilities in the incompressible regime. Therefore, the
values provided by them should be considered as indicative
numbers for the growth time-scales of the KH and RT in-
stabilities in the compressible case. Table 3 provides refer-
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ence time-scales for the growth of KH and RT instabilities,
estimated from Equations (29) and (30) using simulation re-
sults as input quantities. The RM instability grows at the
beginning of the interaction as a result of the impulsive ac-
celeration produced by the refraction of the initial shock
wave into the cloud (see Sano et al. 2012; Sano, Inoue, &
Nishihara 2013 for recent studies). Bubbles and spikes are
characteristic of both the RT and RM instabilities (see Khan
et al. 2011), however, the exponential growth rate of the RT
modes makes the linearly-growing RM instability only im-
portant at the very early stages of the evolution. In MHD
models, a fourth instability emerges, namely the TM insta-
bility, which grows when oppositely directed magnetic field
lines are pushed together, leading to magnetic reconnection
(see Parker 1979). The resulting morphology and endurance
of filaments are determined by the growth rates of these in-
stabilities, which in turn heavily depend upon whether or
not the medium is magnetised and how the field is oriented
when present. It is, therefore, convenient to describe some
details of the evolution in each model independently.
5.2 Filaments in hydrodynamic models
We commence our analysis with the purely hydrodynamic
model, HD. As mentioned above, erosion of filament gas
primarily occurs due to the emergence of the KH instabil-
ity at the ambient-filament boundary layers, but the time-
scales over which the KH instability grows depend upon
the kinetic and magnetic conditions in those layers. If mag-
netic fields are absent or are dynamically unimportant (as
in model HD), the growth time of a KH perturbation with
wavenumber, kKH, is solely determined by the density con-
trast between both media, χ, and the relative velocity at the
boundary layer, (v′w − v′c) (i.e., by the first term in Equa-
tion 29). Thus, higher relative velocities accelerate the KH
growth, while higher density contrasts retard it. As the cloud
in our models is initially at rest and the denser regions of
the cloud only interact with the wind at later stages, short-
wavelength KH instability modes emerge early in the evolu-
tion. The growth rate of these modes is fast at the beginning,
but slows down as the simulation progresses (see reference
time-scales in Table 3). As can be seen in Panel A of Figure
4, the filament density in model HD presents a tower-like
structure that remains unchanged for most of the evolution.
The interior is highly turbulent with mass-weighted velocity
dispersions in the transverse direction reaching ∼ 0.1 of the
wind speed in both the tail and its footpoint at t/tcc = 1.0
(see Panels B1 and B2 of Figure 6).
The HD filament has a density gradient dropping off
from the X2 axis outwards, except for the region immedi-
ately adjacent to the rear side of the cloud in which rarefac-
tion effects vacate the gas and form a low-pressure cavity.
During the cloud expansion phase described in the previ-
ous section (for 0.5 < t/tcc < 1.0), the cloud core becomes
W-shaped when dense material is sucked from the cloud to
occupy the cavity (see the third evolutionary stage of Panel
A of Figure 4). The wavy structure of the filamentary tail
remains stable and coherent during the stripping and ex-
pansion phases of cloud evolution. However, stability is lost
when a combination of highly-disruptive KH and RT modes
emerge and break-up the footpoint. In the absence of mag-
netic fields the growth time of the RT instability is deter-
Table 3. Column 1 indicates the model. Columns 2 and 3 report
the time-scales for the growth of the KH and RT perturbations,
respectively. The time-scales are estimated semi-analytically, as-
suming λKH = λRT = 1.0 rc in Equations (29) and (30).
(1) (2) (3)
Model tKH/tcc tRT/tcc
HD 0.03 0.18
MHD-Al 0.03 0.19
MHD-Tr 0.11 0.15
MHD-Ob 0.10 0.15
MHD-Ob-S 0.41 0.14
MHD-Ob-I 0.90 0.25
mined by the effective acceleration of dense gas, a, and the
RT instability mode wavenumber, kRT. By t/tcc ∼ 1.0, i.e.,
towards the end of the expansion phase, the enlarged cross
section of the filament footpoint caused by the internal heat-
ing of cloud gas, and the emergence of long-wavelength RT
modes create low-density bubbles at the front of the cloud.
These bubbles penetrate the denser layers of the cloud quite
rapidly, break up the cloud into at least three cloudlets (see
the fourth evolutionary stage of Panel A of Figure 4) and
disrupt the filament while doing so. Although we did not
follow the evolution of these structures beyond t/tcc = 1.2,
we expect the remaining cloudlets to also expand and mix
further with ambient gas.
5.3 The role of magnetic field components aligned
with the flow
Magnetic fields are known to provide additional stability
to ISM clouds in some circumstances (see Padoan & Nord-
lund 2011; Federrath & Klessen 2012; Federrath 2015 for
recent discussions on the role of magnetic fields in cloud
stability, MHD turbulence in ISM clumps, and star forma-
tion). However, previous studies show that, for some field
orientations, magnetic fields actually help to disrupt clouds
(Gregori et al. 1999, 2000). We find concordance with pre-
vious works in our simulations as we explain below. Figure
7 shows the evolution of the magnetic energy in filament
material in four different MHD models, namely: MHD-Al,
MHD-Tr, MHD-Ob, and MHD-Ob-S at four different times:
t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.8, and t/tcc = 1.2.
When magnetic fields are present in the system, the
growth rates of both the KH and RT instabilities depend
on the field strength and orientation. If the magnetic field is
oriented transverse to the layer, it does not affect the growth
of the KH instability, while a component in the direction of
streaming does suppress it. If the magnetic field at shear lay-
ers is weak, however, suppression is minimal (setting B ' 0
in Equation (29) leads to our previous expression for the HD
model). Strong magnetic fields suppress this instability re-
gardless of the perturbation wavelength considered. As the
magnetic field strength at the shear layers separating fila-
ment and wind gas is weak, suppression of the KH insta-
bility is not significant in model MHD-Al. The time-scales
for the growth of KH perturbations with wavelengths com-
parable to the cloud radius in this model is of the order of
t/tcc ∼ 0.03 (see Table 3). As a result, the filamentary tail
in model MHD-Al is more turbulent than its counterparts
in models MHD-Tr and MHD-Ob, and its turbulent profile
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Figure 7. 3D volume renderings of the logarithm of the magnetic energy density in filaments, normalised with respect to the initial
magnetic energy density in the cloud, at four different times: t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.8, and t/tcc = 1.2. Panels A, B, and C
show the evolution of wind-cloud systems with the magnetic field aligned, transverse, and oblique to the wind direction, respectively.
Panel D shows the evolution with a slightly stronger initial oblique field (i.e., β = 10). Note that a quadrant has been clipped from
the renderings to show the interior of the tails. Magnetic field components aligned with the direction of the wind favour the formation
of strongly-magnetised, rope-like structures in the tails. Magnetic filed components transverse to the streaming direction, on the other
hand, form reconnection-prone current sheets. Increasing the strength of the initial magnetic field leads to further collimation of the gas
in the tail, and accelerates the emergence of disruptive RT modes and subsequent break-up of the cloud core.
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is comparable to that of the HD model (see the behaviour
of the velocity dispersion and mixing fraction in Panels B1,
B2, C1, and C2 of Figure 6, for example).
Despite this similarity, the presence of the magnetic
field does affect the internal structure of the resulting fil-
ament. In the MHD-Al scenario, the field lines located at
the rear of the cloud are compressed by the in-situ conver-
gence of oppositely-directed wind flows. When wind gas has
fully enveloped the cloud, different fronts converge at the
rear of the cloud and advect the field lines towards the X2
axis. This mechanism creates a linear region of high mag-
netic pressure that resembles flux ropes in the Solar corona.
The location and extension of the rope-like structure can
be seen in Panel B of Figure 4 and Panel A of Figure 7 as
a low-density, high-magnetic-energy region (similar struc-
tures were reported by Mac Low et al. 1994 and Shin et al.
2008 for different sets of initial conditions). As the simula-
tion progresses, the rope is further confined by the turbulent
pressure of the surrounding gas. The W-shaped core previ-
ously observed in the model HD is also visible here (see the
third evolutionary stage in Panel B of Figure 4), but it is less
pronounced as dense gas entrainment in the tail is impeded
by the high magnetic pressure at the rope’s upstream end.
The reference growth time-scale of the RT instability
in this case is also similar to that in model HD. The field
lines at the front of the cloud are neither stretched nor com-
pressed, so the magnetic pressure at this location is not high
enough to alter the development of RT perturbations. The
growth time of RT modes in this model is of the order of
t/tcc ∼ 0.19 (see Table 3), yielding a similar value as for
the HD model. Indeed, models HD and MHD-Al are equally
dominated by short-wavelength vorticity. Swirling motions
not only strip material from the sides of the cloud but also
lead to the formation of reconnection-prone topologies in
the filament body. This can be seen in Panels A1 and A2
of Figure 8 where the evolution of the average plasma beta
indicates that the thermal pressure can be three and four
orders of magnitude higher than its magnetic counterpart
in tail and footpoint material, respectively. From t/tcc ∼ 0.3
onwards the steady annihilation of the internal magnetic
field keeps the plasma beta roughly constant.
In addition, Panels B1 and B2 of Figure 8 reveal that
the magnetic energy in the tail increases faster than in the
footpoint, with the magnetic energy already being enhanced
60 times by t/tcc = 0.25. This behaviour can be attributed to
line stretching occurring at the back of the cloud. In the core,
on the other hand, the magnetic energy only starts to grow
after the compression phase finalises, i.e., at t/tcc = 0.3. As
the core expands, the associated stretching at its sides then
leads to field amplification, with the magnetic energy being
∼ 100 times higher than the initial value (at t/tcc = 1.2).
Even though the average plasma beta in the filamentary tail
and footpoint are higher than 100, we note that the region
where the flux rope is located inside the filament body does
contain gas with plasma betas of the order of β ∼ 10 or even
less throughout the simulation. Panel A of Figure 9 shows
the morphology of the rope in the filamentary tail at differ-
ent evolutionary stages. Note also that the turbulent pres-
sure in the surroundings of this structure increases, making
the rope thinner as time progresses. Panel A of Figure 9
also reveals that: a) the magnetic field vectors follow the di-
rection of the flux rope forming a coherent linear structure
along the direction of streaming (i.e., along the X2 axis); and
b) the filamentary tail survives the cloud break-up phase to
become an independent structure seemingly detached from
its footpoint.
5.4 The role of magnetic field components
transverse to the flow
We now consider the evolution in the case where the ini-
tial magnetic field has a component perpendicular to the
wind direction, such as in model MHD-Tr. The evolution-
ary stages in Panel B of Figure 7 show that when the initial
magnetic field has a transverse component, the degree of
stripping is lower than in models HD and MHD-Al. The
shear layers separating wind and filament gas are less af-
fected by vortical motions in this model than in its counter-
parts. In principle, the KH instability should not be affected
by a magnetic field component transverse to the direction
of streaming, such as in this case. However, the change in
topology of the magnetic field around the filament results in
the suppression of KH perturbations at boundary layers. De-
spite the fact that the field orientation is initially transverse,
as time progresses, advection of the magnetic field lines at
the leading edge of the cloud eventually aligns the field at
the sides of the filament with the direction of streaming.
The lines surround the cloud body without slipping through
its sides (i.e., they become stretched), and KH instability
modes are suppressed or retarded as a consequence.
The reference time-scale for the development of KH per-
turbations with wavelengths comparable to the cloud radius
is an order of magnitude higher in model MHD-Tr than in
models with null or aligned magnetic field components (see
Table 3). Contrary to what we found in the previously anal-
ysed models, in this case the KH time-scale is regulated by
both terms in Equation (29), owing to the magnetic pres-
sure in shear layers becoming comparable to the wind ram
pressure. It is, therefore, expected that the strong magnetic
tension of field lines parallel to the direction of the wind
suppresses the KH instability at these boundary layers. This
effect radically changes the degree of turbulence in the fila-
ments and has important implications for the generation of
vortical motions in the wind. In model MHD-Tr, small-scale
swirling vortices are damped as a result of field tension en-
hancement at the boundary between wind and filament gas
(a magnetic shield forms around the filament). Hence, the
downstream flow becomes more laminar, i.e., it is dominated
by large-scale vortices. On the other hand, the formation of
a magnetic shield around the filamentary tail effectively de-
creases the amount of stripping at small scales, and the tail
becomes less turbulent than in models HD and MHD-Al.
Panels B1 and B2 of Figure 6 reveal that the transverse
velocity dispersions in both tail and footpoint material are
∼ 25 % lower in model MHD-Tr than in models HD and
MHD-Al (at t/tcc = 1.0). As a result, magnetic field annihi-
lation triggered by turbulent motions in the filament body
is prevented in the evolution of this model or is unimportant
to the dynamics, if present.
In addition, the RT instability is also important in the
evolution of the filamentary structure. As explained above,
the growth of RT bubbles at the leading edge of the cloud is,
in fact, responsible for the break-up of the cloud. The com-
pression of field lines at the front of the cloud substantially
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Figure 8. Time evolution of the plasma beta (Panels A1 and A2) and the magnetic energy enhancement (Panels B1 and B2) in the
filaments’ tails and footpoints in four different MHD models, including MHD-Al (dotted line), MHD-Tr (dash-dotted line), MHD-Ob
with β = 100 (solid line), and MHD-Ob-S with β = 10 (double-dot-dashed line). The enhancement of magnetic energy is dominated
by stretching of field lines in the perimeters of the filamentary tail. Folding of magnetic field components transverse to the direction
of streaming leads to further amplification as evidenced in models MHD-Tr and MHD-Ob (see Sections 5.4 and 5.5). Due to our finite
simulation domain, the numerical quantities given for the plasma beta and the magnetic energy enhancement in tail material in Panels
A1 and B1 should be considered as upper and lower limits, respectively, of the actual diagnostics after t/tcc = 0.25 (see Appendix A for
further details).
enhances the field strength at this location so that both
terms in Equation (30) become important. It follows that
the post-initial-shock ram pressure of the wind and the lo-
cal magnetic pressure become comparable in magnitude and
contribute equally to the acceleration of the cloud in models
with transverse magnetic field components. This can be seen
in Panels B1 and B2 of Figure 8 where the evolution of the
magnetic energy in the tail and footpoint, respectively, indi-
cates that amplification of the field is initiated as soon as the
wind impacts the cloud. By t/tcc = 0.25, the magnetic field
strength has been amplified by a factor of 100 in the tail.
In the core, the amplification is delayed and only reaches
100 of the initial value at t/tcc = 0.5. Panel B of Figure
9 shows that values around and below β = 10 are present
at the leading edge of the cloud and along the filamentary
structure, respectively.
The convergence of shock waves behind the cloud com-
bined with the folding of field lines around the filament leads
to the formation of a current sheet along the X2 axis be-
hind the cloud (similar sheet-like structures were reported
by Gregori et al. 2000). Low-density gas is trapped between
the folding lines and starts to form vortices with moder-
ate plasma betas (β = 10 − 100) at the rear of the cloud.
These vortices grow over time and slip between the field
lines through the newly-formed sheet, eventually to be ex-
pelled from the region. Magnetic reconnection occurs at the
boundary layer between the upstream-oriented field on the
left and the downstream-oriented field on the right as a re-
sult of the growth of the TM instability. Field annihilation
due to reconnection becomes dynamically significant after
t/tcc = 0.5 and prevents the magnetic tension becoming ex-
tremely large at this location. Panels A1 and A2 of Figure 8
shows how, after the onset of the TM instability, the plasma
beta in the tail and footpoint remains nearly constant un-
til t/tcc = 1.2. Following the break-up of the filament foot-
point, some of the coherence of the current sheet in the tail is
lost. Then, turbulent motions disperse the magnetic struc-
ture to form a collection of highly-magnetised, small-scale
filaments. The magnetic energy is further enhanced during
the sub-filamentation process (after t/tcc = 1.0) as revealed
in Panels B1 and B2 of Figure 8). Despite this, the original
current sheet does survive the destruction of the footpoint
c© 2015 RAS, MNRAS 000, 1–25
18 W. E. Banda-Barraga´n, E. R. Parkin, C. Federrath, R. M. Crocker, G. V. Bicknell
Figure 9. 2D slices at X3 = 0 showing the evolution of plasma beta at 7 different times: t/tcc = 0, t/tcc = 0.2, t/tcc = 0.4, t/tcc = 0.6,
t/tcc = 0.8, t/tcc = 1.0, and t/tcc = 1.2, for three different scenarios: MHD-Al (Panel A), MHD-Tr (Panel B) and MHD-Ob (Panel C).
A rope-like structure is identified in the evolution of model MHD-Al in which the initial magnetic field is aligned with the direction of
streaming (see Section 5.3). Current sheets arise in models MHD-Tr and MHD-Ob in which the initial magnetic field has a component
perpendicular to the wind direction (see Sections 5.4 and 5.5). The plots showing the final stages of the evolution (i.e., t/tcc ≥ 1.0) indicate
that small, magnetised filamentary tails survived the footpoint dispersion phase. The arrows indicate the direction and orientation of
magnetic fields.
as shown in Panel B of Figure 9, with its upstream end being
the location at which the tails splits into smaller rope-like
filaments. Limitations in the size of our simulation domain,
however, do not allow us to study the evolution of these
substructures beyond t/tcc = 1.2, indicating that further
numerical work is needed.
5.5 MHD filaments: Oblique field case
In this section we consider the more general situation in
which the magnetic field has components both aligned and
transverse to the wind velocity (i.e., models MHD-Ob,
MHD-Ob-S, and MHD-Ob-I). Jones et al. (1996) showed
that a quasi-transverse behaviour is to be expected when-
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ever the angle between the wind velocity and the magnetic
field satisfies: θ ≥ arctan ` 1M˘ ' 14◦. Since the inclination
angle between the magnetic field and the X1-X3 plane in
our simulations does comply with this condition, we expect
the evolution of model MHD-Ob to be similar to that of
model MHD-Tr. A quick look at Panel C of Figure 7 in-
dicates that this is, in fact, the case. We notice, however,
that both the tail and the footpoint in model MHD-Ob are
slightly more deformed and turbulent throughout the sim-
ulation. Global quantities, such as the transverse velocity
dispersion (Panels B1 and B2 of Figure 6) and the mix-
ing fraction (Panels C1 and C2 of Figure 6), indicate this
behaviour as well. The curves corresponding to the plasma
beta in both the filament tail and its footpoint are also sim-
ilar in models MHD-Ob and MHD-Tr at the beginning of
the evolution (see Panels A1 and A2 of Figure 8, respec-
tively). However, after t/tcc = 0.3, folding and stretching of
the stronger transverse component of the initial magnetic
field in model MHD-Tr make the average plasma beta in
both the tail and the footpoint at least 20 % lower than in
the MHD-Ob scenario (e.g., at t/tcc=1.0). These values of
plasma beta suggest that a stronger field component per-
pendicular to the wind direction favours magnetic shielding.
Panels B1 and B2 of Figure 8 show that the enhancement in
magnetic field tension is effectively less pronounced in model
MHD-Ob than in model MHD-Tr.
In addition, Panel C of Figure 9 shows an asymmetric
distribution of the plasma beta values, being higher on the
left side of the X2 axis. On the right side of this axis, the
plasma beta values are rather low at locations where the
field is preferentially aligned with the flow. Compression of
the aligned components of the magnetic field on this side
of the X2 axis is responsible for the asymmetric enhance-
ment of magnetic energy. The direction and orientation of
the magnetic field vectors revealed in Panel C of Figure 9
suggests that a current sheet is also formed in this model,
but it lies on a plane perpendicular to the plane containing
both the initial wind velocity and the initial B field. We also
note that the sub-filamentation process, observed in model
MHD-Tr, is also visible in model MHD-Ob. Towards the fi-
nal stages of the evolution, a collection of small filamentary
tails survive the break-up of the filament footpoint. These
tails retain some linear coherence despite the strong vortical
motions in the surrounding gas, but further numerical work
is needed to study their longevity once they are entrained
in the wind. In order to understand how the filament mor-
phology is affected by variations in the field strength and in
the equation of state, we report below the results from two
additional models, namely MHD-Ob-S and MHD-Ob-I.
5.5.1 Dependence on the field strength
As mentioned above, several plasma instabilities can be dy-
namically important in wind-cloud interactions. Their in-
fluence on the evolution of these systems depends on how
fast their perturbations grow and how disruptive these are.
Varying the strength of the initial magnetic field naturally
modifies the growth rate of the KH and RT instabilities and
alters the morphology of the resulting filaments. Panels C
and D of Figure 7 show the time evolution of the magnetic
energy of filaments in two models with the same initial field
orientation (i.e., oblique with respect to the wind direction),
Figure 10. Comparison of 3D volume renderings of the logarith-
mic mass density (Panel A) and magnetic energy (Panel B) in
two different scenarios: adiabatic with γ = 1.67 (left column) and
quasi-isothermal with γ = 1.10 (right column). All renderings
correspond to snapshots of the simulations at t/tcc = 1.0. Note
that a quadrant has been clipped from the renderings in Panel B
to show the interior of the filamentary tails. The inclusion of a
softer, nearly-isothermal equation of state leads to the emergence
of a more linear, less turbulent filament compared to adiabatic
interactions (see Section 5.5.2 for further details).
but different magnetic field strengths (β = 100 in MHD-Ob
and β = 10 in MHD-Ob-S). We find that the KH instability
is present in the model with a stronger field, but it occurs
at larger scales and is less pronounced than it is in its weak-
field counterpart. The broadening of the shear layer between
wind and filament gas, in which line stretching occurs, leads
to the formation of a stronger magnetic shield around the fil-
ament in model MHD-Ob-S. The high magnetic pressure in
this region inhibits and delays the emergence of KH pertur-
bations around the cloud (see the KH growth times reported
in Table 3). The presence of mild deformations on the sur-
face of the filamentary tail suggests that the Alfve´n speed
locally exceeds the relative speed between wind and filament
gas. The suppression of KH unstable modes also affects the
flow around the filament, which becomes smoother and more
laminar in model MHD-Ob-S with respect to previous sce-
narios.
On the other hand, the growth of the RT instability is
also affected in the strong-field scenario. We find that the
disruption of the filament footpoint is enhanced in model
c© 2015 RAS, MNRAS 000, 1–25
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Figure 11. Comparison between the time evolution of the transverse velocity dispersions (Panels A1 and A2), and elongations along the
X1 direction (Panels B1 and B2) of filaments in the adiabatic model MHD-Ob (solid line), and the quasi-isothermal model MHD-Ob-I
(double-dashed line). The filamentary tail is less turbulent in the latter as evidenced by its lower velocity dispersions with respect to the
adiabatic case. The wind-swept cloud gas in the quasi-isothermal case is also confined in a more linear filament with lower transverse
elongation than its adiabatic counterpart (see Section 5.5.2 for a complete discussion).
MHD-Ob-S as a result of a faster growth of RT unstable
modes (see Table 3). This enhanced growth is driven by a
stronger magnetic flux density at the leading edge of the
cloud (magnetic bumper) as a result of the stretching of the
field lines anchored in that region. This result is in agree-
ment to what was found by Gregori et al. (1999, 2000); and
Shin et al. (2008) at lower resolution. The panels of Fig-
ure 8 also reveal that the overall process of field amplifi-
cation is conducted in a similar fashion in models MHD-Ob
and MHD-Ob-S. However, the stronger initial magnetic field
prescribed for the latter results in larger magnetic pressures
along the wind-filament boundary. Thus, the stronger mag-
netic shielding seen in model MHD-Ob-S secludes tail ma-
terial earlier than in model MHD-Ob, enhancing its thermal
pressure and saturating field amplification (see Panels A1
and B1 of Figure 8). On the other hand, the early increase
of magnetic energy observed in the tail is not seen in the
footpoint, where the magnetic energy remains nearly con-
stant until ∼ t/tcc = 0.3 (see Panels A2 and B2 of Figure
8). The growth of magnetic field in the footpoint is slowed
down when compared with that of MHD-Ob, and it only in-
creases when the footpoint commences its expansion. From
this time onwards, the magnetic field lines anchored at the
leading edge of the cloud core are steadily stretched by the
wind, which enhances its magnetic energy by an order of
magnitude by t/tcc = 0.5. Even though this magnetic en-
ergy enhancement is 10 times lower in model MHD-Ob-S
when compared to that of model MHD-Ob, it is significant
enough to maintain the average plasma beta in the footpoint
low (β À 10) during the remainder of the evolution.
5.5.2 Dependence on the equation of state
Figure 10 shows how a softened equation of state (with
γ = 1.1) leads to the production of a much less turbulent
tail. The renderings in Panel A compare the external mor-
phology of the logarithmic filament density, while the ren-
derings in Panel B present the internal magnetic configu-
rations of models MHD-Ob and MHD-Ob-I. The snapshots
correspond to t/tcc = 1.0. As we approach the isothermal
regime, the gas more efficiently converts the shock-driven
heat into kinetic energy, thus significantly reducing the ex-
pansion of the cloud in the transverse direction. The com-
pression at the front end and lateral sides of the cloud is
also significantly higher and this translates into higher den-
sities in the footpoint and a reduced bulk velocity (see Panel
A2 of Figure 12). As the density contrast between wind and
filament gas increases, the interface becomes stable to KH
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instability modes. The suppression occurs at long and short
wavelengths, so the KH instability is less pronounced in this
scenario, i.e., stripping occurs at a much slower rate than
in adiabatic scenarios. Figure 11 shows how two parame-
ters, namely the transverse velocity dispersion (Panels A1
and A2) and the lateral size (Panels B1 and B2) of the fil-
aments’ tails and footpoints, respectively, vary depending
on the equation of state. We see that these parameters are
significantly affected by γ. At t/tcc = 0.5, for example, the
velocity dispersion in both the tail and footpoint in model
MHD-Ob-I is reduced by ∼ 20 % with respect to that in
model MHD-Ob. Similarly, the elongation along the X1 di-
rection of both tail and footpoint material is reduced by a
factor of 2 at this time, indicating that the nearly isothermal
filament is more collimated than its adiabatic counterparts.
The growth time-scale of disruptive RT modes is also
delayed by the higher density contrasts and lower effective
acceleration at the leading edge of the cloud. As a result, the
filament footpoint is disrupted and dispersed in time-scales
longer than the cloud-crushing time (defined in Section 3.4
as a reference). Since we maintained the wind speed constant
in all our simulations, the survival time of the filament in
the quasi-isothermal scenario is effectively higher than the
survival times of the adiabatic filaments. The fast growth
of the transverse velocity dispersions observed in adiabatic
models after the time of break-up (t/tcc = 1.0) is not present
in model MHD-Ob -I (see Panels A1 and A2 of Figure 11). If
radiative cooling were properly treated, a similar evolution
would be expected, with gas in the cloud cooling down to
form dense footpoints, which would, in turn, support the fil-
amentary tails longer. Distinct cooling regimes would, how-
ever, produce different effects on the evolution of filaments as
pointed out by Fragile et al. (2005) and Li et al. (2013b), so
the longevity of the filament in our quasi-isothermal simula-
tion is only indicative of what we should expect for radiative
clouds. The increased density in the footpoint has other im-
plications for the morphology of the filament. Since the lat-
eral size of the filamentary structure is reduced in the nearly
isothermal model, the aspect ratio of a highly-radiative fil-
ament is expected to be higher than that of its adiabatic
counterparts. Our results in this section are in agreement
with those reported by Cooper et al. (2008, 2009).
6 MASS ENTRAINMENT IN WINDS
In this section we discuss the implications of our study to
mass entrainment processes in global winds. Here we ex-
amine the transport of clouds (filaments) by the supersonic
wind in all the aforementioned models, namely HD, MHD-
Al, MHD-Tr, MHD-Ob, MHD-Ob-S, and MHD-Ob-I.
6.1 Displacement in the direction of streaming
The longevity of a wind-swept cloud and its associated fil-
amentary tail when immersed in a hot wind is determined
by its ability to maintain coherence against the wind ram
pressure and dynamical instabilities. Consequently, a natu-
ral question to be addressed in our study is how far they
travel before they are dispersed in the wind. We investigate
the displacement of the filamentary structure in the direc-
tion of streaming by examining the change in position of
its centre of mass for 0 ≤ t/tcc ≤ 1.2. Panel A1 of Figure
12 provides the distances travelled by filamentary structures
in models with different initial conditions, as measured by
〈X2,filament〉 normalised with respect to the initial radius of
the cloud core. Our results show that the wind is capable
of transporting dense material over distances equivalent to
3 − 5 times the original size of the cloud core in the di-
rection of streaming (measured at t/tcc = 1.0, i.e., at the
time when the footpoint is dispersed). Nevertheless, as men-
tioned above, smaller cloudlets and more distorted filamen-
tary structures survive the disruptive effects of the wind ram
pressure and dynamical instabilities, so these numbers are
conservative first estimates for the distances that dense gas
and filaments could effectively travel after the break-up.
6.2 Velocity of entrained filaments
Another question to be discussed in the same context is what
range of velocities dense gas and its associated filaments
acquire until the time of break-up. We investigate this by
analysing the evolution of the mass-weighted bulk velocity
of the cloud gas in the direction of streaming (i.e., along the
X2 axis). Panel A2 of Figure 12 provides the velocities of
filamentary structures in models with different initial condi-
tions, as measured by 〈v2,filament〉 normalised with respect to
the wind speed, vw. Our results show that the velocity in adi-
abatic models is nearly unaffected by the presence of mag-
netic fields, with values around 〈v2,filament〉/vw ' 0.08− 0.1.
In contrast, the velocity in a quasi-isothermal scenario is
slower compared to its counterparts: 〈v2,filament〉/vw ' 0.04.
Note, however, that after the break-up time, the bulk ve-
locity of the remaining material starts to increase faster as
described in Section 5, suggesting that the surviving struc-
tures entrained in the wind could reach even higher velocities
before fully evaporating and/or mixing with the hot gas.
7 LIMITATIONS AND FUTURE WORK
Despite the advances towards the understanding of filament
formation in the interstellar medium that we have presented
here, our current models have various limitations. For ex-
ample, the simulations in this paper have only considered
spherical clouds with smooth density profiles and magnetic
fields distributed uniformly in the simulation domain. The
ISM is, however, not uniform and homogenous. The velocity
and density fields in ISM clouds and clumps, for example,
are best described by turbulence (e.g., Larson 1981; Padoan,
Nordlund, & Jones 1997; Mac Low & Klessen 2004; Feder-
rath, Klessen, & Schmidt 2009; Federrath & Klessen 2012).
Consequently, future work should consider more realistic
scenarios, including clouds with self-contained, turbulent
density, velocity, and magnetic fields. We shall study such
scenarios in subsequent work (Paper II). On the other hand,
specific applications of the results presented here should
be discussed in the future as well. The inclusion of source
terms, such as radiative cooling, thermal conduction, photo-
evaporation, and gravity, in the MHD formulation is prob-
lem dependent, so that future work addressing applications
will also need to incorporate additional physics, depending
upon the context.
c© 2015 RAS, MNRAS 000, 1–25
22 W. E. Banda-Barraga´n, E. R. Parkin, C. Federrath, R. M. Crocker, G. V. Bicknell
 0
 2
 4
 6
 8
 0  0.25  0.5  0.75  1  1.25
<
 X
2,
fila
m
en
t >
 / 
r co
re
t / tcc
A1) Displacement of the centre of mass
HD
MHD-Al
MHD-Tr
MHD-Ob
MHD-Ob-S
MHD-Ob-I
 0
 0.05
 0.1
 0.15
 0.2
 0  0.25  0.5  0.75  1  1.25
<
 v
2,
fila
m
en
t >
 / 
v w
t / tcc
A2) Bulk Velocity
HD
MHD-Al
MHD-Tr
MHD-Ob
MHD-Ob-S
MHD-Ob-I
Figure 12. Displacement of the centre of mass in the direction of streaming (Panel A1) and bulk velocity of the filaments entrained in
the wind (Panel A2) in six different models, namely: HD (dashed line), MHD-Al (dotted line), MHD-Tr (dash-dotted line), MHD-Ob
with β = 100 (solid line), MHD-Ob-S with β = 10 (double-dot-dashed line), and MHD-Ob-I with γ = 1.1 (double-dashed line).
8 SUMMARY AND CONCLUDING REMARKS
The lack of high-resolution, three-dimensional, MHD nu-
merical studies on filamentary structures arising from wind-
cloud interactions in the current literature motivated us to
investigate such systems. We employ scale-free configura-
tions and perform a parameter survey over three quanti-
ties: a) the magnetic field orientation (aligned, MHD-Al;
transverse, MHD-Tr; and oblique, MHD-Ob, to the wind
direction), b) the magnetic field strength (weak, MHD-Ob;
and strong, MHD-Ob-S), and c) the polytropic index (adia-
batic, MHD-Ob; and quasi-isothermal, MHD-Ob-I). We use
3D renderings and 2D slices in combination with volume-
and mass-weighted-averaged quantities to follow the forma-
tion and evolution of filaments emerging from such interac-
tions. Our initial conditions are selected so that they repre-
sent more realistic ISM conditions than previous 3D simu-
lations, including high density contrasts between the wind
and cloud of χ = 103, wind Mach numbers of the order of
Mw = 4 − 4.9, and initial plasma betas of β = 10 − 100.
The aim of this work is to determine how the presence of
the magnetic field affects the morphology of the filamentary
tail, and how the presence of the filament entrained into the
wind reacts back on the magnetic field in the surrounding
gas. The importance of ram pressure and dynamical insta-
bilities in the formation, evolution, and longevity of the fil-
aments is discussed for each model. The conclusions of our
study are as follows:
(i) As in previous simulations, we find that the wind ram
pressure combined with shocks and plasma instabilities aris-
ing at the wind-cloud interface are responsible for the break-
up of clouds. The cloud disruption is a four-stage process
that involves: 1) a compression phase in which the ram pres-
sure of the wind generates reflected and refracted shocks in
the ambient and cloud gas, respectively; 2) a stripping phase
in which the KH instability deposits material originally in
the cloud envelope on the symmetry axis behind the cloud;
3) an expansion phase triggered by shock-induced adiabatic
heating; and 4) a break-up phase in which RT bubbles pen-
etrate the cloud core and expand, destroying the cloud core
and forming smaller cloudlets.
(ii) Our results confirm that wind-swept clouds can lead
to the formation of elongated, long-lived filamentary struc-
tures provided that the density contrast is reasonably large,
i.e., χ Á 103. The evolution of filaments is comprised of four
phases: 1) a tail formation phase in which the transport of
gas, stripped from the sides of the cloud by the wind ram
pressure and KH instabilities, forms a tail of gas behind the
cloud; 2) a tail erosion phase in which KH instabilities act-
ing on the boundary layers between filament and ambient
gas shape the downstream gas producing tail morphologies
specific to each model; 3) a footpoint dispersion phase in
which the cloud core is disrupted by RT unstable modes and
the filamentary tail either becomes distorted or breaks up
into multiple strands; and 4) a free-floating phase in which
smaller filaments are entrained in the wind and are trans-
ported downstream maintaining some coherence.
(iii) Filaments consist of two main substructures, namely
tails and footpoints. Our simulations show that gas from the
cloud envelope is the main constituent of filamentary tails,
while footpoints are predominantly formed by gas originally
in the cores of clouds. When the core starts to expand, the
roles are inverted as dense material, stripped from it, flows
downstream and envelops the low-density tail. Filaments in
models HD and MHD-Al are both dominated by small-scale
KH perturbations, while medium-scale (large-scale) vortic-
ity is favoured in models MHD-Tr and MHD-Ob (MHD-Ob-
S and MHD-Ob-I). As a result: 1) Models HD and MHD-Al
have higher mixing fractions and velocity dispersions than
the models with magnetic field components transverse to the
wind direction; 2) Owing to folding and stretching of field
lines, the total magnetic energy contained in the filamen-
tary tails formed in models MHD-Tr and MHD-Ob is twice
as high as that in the other models; and 3) Either a stronger
initial field or a higher mechanical compression leads gas in
the tail of the filaments (produced in models MHD-Ob-S and
MHD-Ob-I) to be confined in more elongated, less turbulent
magnetotails than their counterparts.
(iv) The shape and structure of the (magneto)tails ulti-
mately depend on whether or not the medium is magnetised,
and on what the initial topology of the magnetic field is,
if present. Four different kinds of features are identified in
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filaments: highly-turbulent, tower-like tails arise in purely
hydrodynamic models (HD); tails with strongly-magnetised
flux ropes arise in models dominated by magnetic fields
aligned with the flow (MHD-Al); tails with reconnection-
prone current sheets emerge in models dominated by mag-
netic fields transverse to the flow (MHD-Tr and MHD-Ob);
and highly-confined, tube-like tails emerge in models sub-
jected to strong magnetic shielding (MHD-Ob-S and MHD-
Ob-I). The morphology of the filaments remains coherent
until the cloud is broken up (at t/tcc = 1.0) by the com-
bined effects of the wind ram pressure and dynamical insta-
bilities. Movies with the full-time sequence of the snapshots
in Figures 4, 5, 7, and 9 are available online3.
(v) Our simulations show that dense gas in the cloud is ef-
fectively transported over distances equivalent to 3−5 times
the initial radius of the cloud core. The advected gas reaches
velocities ∼ 0.1 of the wind speed by the time at which the
cloud is broken up (or even higher speeds at late stages).
Even though some of the coherence of filamentary tails is
lost after their footpoints are dispersed, small cloudlets and
highly distorted, magnetised filaments survive the break-up
phase and become entrained in the wind. We find evidence
for tail disconnection events occurring in all models, with
filamentary tails detaching from dense gas as a result of
magnetic reconnection occurring at the rear of the cloud.
In model HD, the filament detaches from the footpoint and
both structures evolve separately, while in models MHD-
Tr and MHD-Ob the upstream end of the current sheet is
dispersed, causing sub-filamentation and the appearance of
strongly magnetised, small sinuous tails.
Finally, the results presented here are scalable and rel-
evant to understanding the formation of a variety of cosmic
structures at both small or large scales. In particular, the
discussion presented in Section 6 is relevant to understand-
ing the transport of dense material from low to high lati-
tudes in galactic outflows, such as the one observed in the
Milky Way (see Bland-Hawthorn & Cohen 2003; Carretti
et al. 2013; McClure-Griffiths et al. 2013 for observations,
and Crocker 2012 for a theoretical overview). Our simula-
tions suggest that dense clouds and their associated filamen-
tary tails survive ablation and can effectively be advected by
a global wind to potentially reach high latitudes.
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APPENDIX A: COMPARISON WITH A
LARGE-DOMAIN SIMULATION
In this Appendix we show the effects of our choice of sim-
ulation domain size on our diagnostics. For this purpose,
we compare several measurements of two simulations with
the same initial conditions and different domain sizes. The
initial conditions of these simulations correspond to those
of model MHD-Ob and both have been performed at res-
olutions of 64 cells per cloud radius (i.e., R64). The lin-
ear dimensions of the domain in model MHD-Ob(Large) is
twice that of model MHD-Ob(Small), i.e., it covers a physi-
cal spatial range −4rc ≤ X1 ≤ 4rc, −2rc ≤ X2 ≤ 22rc, and
−4rc ≤ X3 ≤ 4rc, where rc is the radius of the cloud.
Figure A1 shows the evolution of the parameters pre-
sented in Figures 3, 6, and 11 in Sections 4 and 5. Divergence
between the curves for tail material starts at t/tcc = 0.2,
while for footpoint material it starts at t/tcc = 0.6. These are
the times at which material of either component commences
to flow out of the smaller simulation grid. Panels A1 and A2
show that the aspect ratio is the only parameter affected by
the simulation domain size significantly, with differences for
tail material being as large as 6 in units of aspect ratio. The
absolute numbers for the aspect ratios presented in Section
5 above should therefore be considered by the reader solely
as either lower limits or reference numbers if comparing dif-
ferent models with one another. Despite this bias, we notice
that the curves in these panels show the trend expected for
this parameter, displaying the tail formation, tail erosion,
and footpoint dispersion phases clearly. Note, for instance,
how after the break-up of the cloud at t/tcc = 1.0, the aspect
ratio decreases in both tail and footpoint, in a manner that
coincides with an increase of the lateral size of the cloud
(presented in Panels D1 and D2). Panels B1, C1, and D1
show that the other parameters, namely the transverse ve-
locity dispersion, the mixing fraction, and the elongation
along the X1 direction for tail material are converged to
e.g., within 10 % at t/tcc = 1.0. Similarly, Panels B2, C2,
and D2 show that footpoint parameters are unaffected by
the domain size.
We note that only ∼ 5 % of the original mass of the
cloud is lost from the simulation domains until t/tcc = 1.0
(and ∼ 9 % until t/tcc = 1.2) in all our small-domain mod-
els. In the case of tail material, ∼ 14 % of its original mass is
lost until t/tcc = 1.0 (and ∼ 18 % until t/tcc = 1.2), and in
the case of footpoint material, ∼ 1 % of its original mass is
lost until t/tcc = 1.0 (and ∼ 4 % until t/tcc = 1.2). In model
MHD-Ob(Large) these numbers drop by a factor of 4. All
the simulations are stopped at that time to ensure that the
measurements are trustworthy. In small-domain simulations,
however, tail material that leaves the simulation domain is
magnetised, so the diagnostics for the plasma beta and mag-
netic energy enhancement presented in Panels A1 and B1 of
Figure 8 should be regarded as upper and lower limits of
these quantities, respectively. Our comparison with a large-
domain simulation in Figure A2 also shows that the trends
for these diagnostics behave as expected. Panels A2 and B2
of Figure A2 indicate that the measurements for the filament
footpoint are unaffected by the finite size of the simulation
domain.
Figure A3 presents a comparison between the parame-
ters described in Figure 12 in Section 5 for models MHD-
Ob(Large) and MHD-Ob(Small). It shows that the trends
observed for these parameters can be trusted throughout
the entire simulation, with errors increasing as more fila-
ment material leaves the domain. The values reported in
Section 6 for the distance travelled by the filaments’ centre
of mass and bulk velocity are conservative, but represent
reliable lower limits for these quantities. Nonetheless, fur-
ther numerical work with enlarged computational volumes
is warranted if more precise measurements of these quanti-
ties are desired. For the purpose of this work, our Figures
A1, A2, and A3 show that the estimates of our diagnostics
are reliable and can be used to asses relative differences in
the properties of filaments arising from distinct native envi-
ronments or as lower (or upper) limits.
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Figure A1. Comparison between the time evolution of the quantities shown in Figures 6 and 11 for two models with oblique magnetic
fields (MHD-Ob) at the same resolution (R64), but different domain sizes.
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Figure A2. Comparison between the time evolution of the quantities shown in Figure 8 for two models with oblique magnetic fields
(MHD-Ob) at the same resolution (R64), but different domain sizes.
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Figure A3. Comparison between the time evolution of the quantities shown in Figure 12 for two models with oblique magnetic fields
(MHD-Ob) at the same resolution (R64), but different domain sizes.
c© 2015 RAS, MNRAS 000, 1–25
